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Philippe Gillet, 2 Russell J. Hemley 1 Raman spectra of hexagonal close-packed iron (ε-Fe) have been measured from 15 to 152 gigapascals by using diamond-anvil cells with ultrapure synthetic diamond anvils. The results give a Grüneisen parameter ␥ 0 ϭ 1.68 (Ϯ0.20) and q ϭ 0.7 (Ϯ0.5). Phenomenological modeling shows that the Raman-active mode can be approximately correlated with an acoustic phonon and thus provides direct information about the high-pressure elastic properties of iron, which have been controversial. In particular, the C 44 elastic modulus is found to be lower than previous determinations. This leads to changes of about 35% at core pressures for shear wave anisotropies.
Understanding recent geophysical observations of elastic anisotropy, possible superrotation, and magnetism of Earth's inner core (1) requires detailed information about the thermodynamic and elastic properties of coreforming materials under appropriate conditions. High-pressure properties of iron are crucial in this respect because the core is composed primarily of this element. Iron transforms from the body-centered cubic (bcc) phase (␣-Fe) at ambient conditions to a face-centered cubic (fcc) phase (␥-Fe) at moderate pressures and temperatures and to a higher-pressure hexagonal close-packed (hcp) phase (ε-Fe) (Ͼ13 GPa) (2) . The hcp phase has a wide stability field to more than 300 GPa and high temperatures (3) (4) (5) . Techniques to measure lattice strains at megabar pressures (6) have determined the elastic properties of ε-Fe to 210 GPa (7) . These results show discrepancies with calculations in which first-principles methods were used (8 -10) , in particular for shear moduli and anisotropy. Measurements and estimates of the Grüneisen parameter, an important thermodynamic property of iron that relates the . Light-driven motion of an NPC-02 droplet on a CRA-CMmodified plate to capture a glass bead (diameter ϳ0.5 mm). A droplet was placed on a CRA-CM-modified plate (A), followed by UV light irradiation at the right edge of the droplet to cause an asymmetrical spreading (B). Subsequent irradiation with blue light at the left edge resulted in dewetting, leading to the displacement of the droplet (C). The repetition of this stepwise photoirradiation resulted in the approach of the droplet to the bead (D), which was finally captured by the liquid (E). Fig. 6 (right). Light-driven displacement of an NPC-02 droplet in a glass tube. A droplet of NPC-02 was placed in the tube (A), and one edge of the droplet was exposed to UV light, leading to the slight advancement of the droplet (B). Subsequent irradiation with blue light at the opposite edge pushed the droplet to the left (C).
thermal pressure and the thermal energy, show large discrepancies (5, (11) (12) (13) (14) (15) (16) . Recently, the phonon density of states of ε-Fe at high pressure has been investigated up to 42 GPa (16) and 153 GPa (17) by inelastic nuclear resonance x-ray scattering. Notable differences with the results of first-principles calculations are also found (17) . Thus, there is a need to clarify the elastic and thermodynamic properties of iron at core pressures.
For many years, it was thought that vibrational Raman spectroscopy of simple metals was not possible at high pressures because of the weak scattering due to the high reflectivity and strong background from the apparatus (e.g., diamond-anvil cell). The bcc (␣-Fe) and fcc (␥-Fe) phases have no first-order Raman spectra because all the atoms sit on inversion centers. The ε-Fe hcp phase has one Ramanactive mode of E 2g symmetry (18) . Recent studies have shown that the E 2g phonon mode in some hcp metals can be measured at moderate pressure in diamond cells. Measurements have been performed on Zn (19) , Si (19) , Zr (20) , and Mg (21), but the E 2g mode of ε-Fe was expected to be particularly weak (22) and has not been reported. Information on the frequency of the E 2g mode of ε-Fe and its evolution with pressure provides experimental information on thermodynamic properties of the material because such vibrational frequencies are input data for construction of consistent thermodynamic models (23) . Moreover, the mode correlates with a transverse acoustic phonon; thus, its frequency shift provides information on the pressure dependence of shear moduli (i.e., C 44 ), which is crucial for constraining the elastic anisotropy of iron at core pressures. Measurement of the phonon also provides a critical test of first-principles methods, which have been a difficult problem for iron.
High-purity polycrystalline Fe samples were loaded in a piston-cylinder-type diamond cell; two sets of experiments were performed at 15 to 50 GPa and 25 to 152 GPa (24) . To reduce the background luminescence and scattering from the diamond anvils (which could be much stronger than the sample), we used ultrahigh-purity synthetic diamond anvils, which in previous work have been crucial for studying weak Raman excitations in the hundreds of gigapascals pressure range (25) . We also used a 35°incidence angle for the exciting radiation, which prevents specular reflection from being directed to the spectrometer and reduces the signal from the diamonds. The diameter of the laser spot was less than 10 m, which is smaller than the sample size, so effects of the pressure gradients are minimized. Signal levels were maximized with a high-throughput single-grating spectrometer with holographic notch filters.
Two Raman bands were observed at moderate pressures (between 15 and 40 GPa), with the stronger band identified as the E 2g fundamental predicted by symmetry for the hcp lattice (26) (Fig. 1) . The mode exhibits a sublinear frequency increase with pressure ( Fig. 2) . Raman spectra measured together with the ruby fluorescence in different locations of the sample show consistent results. Moreover, spectra measured on compression and decompression are close, which indicates that the uniaxial stress does not have an important effect on these results. The measured frequencies are lower than first-principles results (27) , although the pressure dependence is similar (Fig. 2 ). An empirical model (28) gives much lower frequencies. The positive pressure shift (initial slope d 0 /dP ϭ 1.0 cm Ϫ1 /GPa) is consistent with the wide stability range of ε-Fe (3-5), in contrast to the behavior of several other hcp metals (see below).
We examined the thermal Grüneisen parameter ␥ th at high pressure. Despite the importance of the Grüneisen parameter of ε-Fe, experimental data have been limited and do not agree (Table 1 ). The mode-Grüneisen parameter ␥ i of the Raman mode is defined as
where is the frequency of the mode and V is the volume. It provides an approximate means for calculating ␥ th with ␥ i ϭ ͗␥ i ͘ ϳ ␥ th . This assumes that the ␥ i for the mode is representative of all the vibrations of the crystal (23). We can write
where ␥ 0 represents the extrapolated value of ␥ th at zero pressure with the volume dependence of ␥ th explicitly given by the parameter q. Using this relation and the equation of state of ε-Fe (3, 29), we calculate ␥ 0 ϭ 1.68 (Ϯ0. 20) and q ϭ 0.7 (Ϯ0.5). Assuming q ϭ 1, we have ␥ 0 ϭ 1.81 (Ϯ0.03). The results agree with the analysis of recent high-pressure, high-temperature x-ray diffraction measurements (5), which suggests that ␥ i of the E 2g mode provides a good approximation for ͗␥ i ͘. Our analysis is also compatible with that obtained from measurements of the phonon density of state of ε-Fe between 20 and 40 GPa, where q ϭ 0 was assumed (16) ( Table 1) . In ε-Fe, the C 44 elastic modulus and the E 2g Raman mode are properties of the same phonon branch. Specifically, the E 2g mode correlates with a transverse acoustic phonon Fig. 1 . Raman spectra of ε-Fe at selected pressures. The strong band is identified as the E 2g optical phonon; a weaker feature is observed at higher frequencies and lower pressures. Solid line, Lorentzian fit to the peak, which suggests a homogeneous line shape. and C 44 represents the slope of this branch at the center of the Brillouin zone. With a phenomenological model, they may be related as
where M is the atomic mass of iron, c and a are unit cell parameters, and is the frequency of the optical phonon (30) . Applying this relation to our data, we deduce the pressure dependence of the C 44 of ε-Fe (Fig. 3) . Notably, our data are lower than the results of lattice-strain experiments (7). The analysis used in these experiments assumes that the state of stress on all crystallographic planes is identical. However, recent work has shown that this may not be satisfied in a material undergoing anisotropic deformation, specifically in many hcp transition metals (31) . The first-principles results (9, 10) are also higher than those obtained here. Application of first principles for magnetic metals such as iron has been problematic, partly because differences between theory and experiments for the pressure-volume relation at low pressures (32) may be associated with changes of the magnetic properties within ε-Fe (9). The use of Raman spectroscopy to determine the pressure dependence of C 44 is exact for a sine dispersion relation; if the phonon branch does not deform with pressure, this assumption can be supported by theory (27, 28) . The results have important geophysical implications. Although knowledge of C 44 is not sufficient to calculate the full seismic anisotropy parameters, the shear wave polarized perpendicular to the basal plane (S1) and that polarized parallel to the basal plane (S2) have the anisotropies ⌬ S1 ϭ (C 11 ϩC 33 Ϫ 2C 13 )/4C 44 , ⌬ S2 ϭ C 44 /C 66 (4) Therefore, the lower value of C 44 found here would increase ⌬ S1 and decrease ⌬ S2 . Assuming no difference in the estimation of the other elastic moduli (7) arising from the change of C 44 , we calculate ⌬ S1 Ϸ 0.65 and ⌬ S2 Ϸ 1.44 at 39 GPa, corresponding to changes of about 35%. This also improves the agreement with the first-principles calculations (33) .
Finally, we can compare the results with those of other hcp structured transitions metals that have been studied recently by high-pressure Raman spectroscopy-for example, Zn (19) , Si (19) , Zr (20) , and Mg (21) . The behavior of the E 2g phonon with pressure differs appreciably from one to another. Zn, Si, and Mg show an increase of frequency with pressure with initial slopes (d 0 /dP) of about 3. (20) . Moreover, the relation between elastic modulus C 44 and the frequency of the E 2g mode (Eq. 3) can be examined for Zr, Mg, and Zn because they crystallize in the hcp structure at zero pressure and reliable experimental measurements of C 44 are available ( Table 2) . The results agree to within 15% for Zr and Mg, but a large discrepancy is found for Zn, which undergoes higher-pressure phase transition and anomalous changes in electronic structure (34) (not evident in Fe). Direct comparison of the measured and calculated frequency of the E 2g phonon at different pressures is possible for Mg (35) and Zr (36) . In both cases, we find that the measured frequency is lower than that calculated by first-principles methods, which is consistent with results obtained for ε-Fe (Figs. 2 and  3) . This study and analysis open the possibility of Raman investigations of the vibrational dynamics of other metals, including planetary core-forming materials at megabar to multimegabar pressures. Fig. 3 . Pressure dependence of the shear modulus C 44 of ε-Fe deduced from the E 2g phonon frequency. Solid circles, experimental data; solid line, linear fit through the data; up and down triangles, LDA and GGA first-principles calculations, respectively, from (9); ϩ, first-principles result (10); dashed line, guide to the eye for LDA results; dotted line, pressure dependence determined from lattice-strain measurements (7). Enstatite chondrites formed in a highly reduced environment, possibly in the inner regions of the solar nebula (1, 2) . They are the only group of chondrites whose silicate fractions have oxygen isotopic compositions similar to those of Earth and the moon (3), prompting some to suggest a genetic relationship (4 ) . The Mn-Cr isotopic data for enstatite chondrite leachates and residues define an initial Cr isotopic composition that is similar to that of silicate Earth and the moon (5, 6 ) , and this has been used to argue that the enstatite chondrite parent body (ECPB) may have formed at the same heliocentric distance. However, many features of enstatite chondrites are enigmatic and hard to explain. There are substantial compositional gaps between the enstatite chondrites and the Earth-moon system (2, 7 ), and chemical evidence for heterogeneous accretion of the ECPB has been presented (8) . Furthermore, the relationship with Earth is unlikely to be straightforward. For example, dynamic simulations suggest that localized feeding zones for the growth of planetesimals and planets are unrealistic (9) . Rather, planetary accretion can sample a broad provenance (9, 10) .
The recently developed 182 Hf-182 W chronometer (half-life ϭ 9 million years) is well suited for studying accretion in the inner solar system (11) (12) (13) (14) (15) . Both Hf and W are highly refractory. However, chemically they are quite different, with Hf being strongly lithophile ("silicate-loving") and W moderately siderophile ("metal-loving"), such that fractionation between Hf and W occurs during metal-silicate differentiation and partial melting (11, 12) . Hence, excess 182 W in the W atomic abundance is found in meteorites that sample high Hf/W silicate reservoirs formed within the life-span of 182 Hf. This is as found in some eucrites, martian meteorites, lunar samples, and the silicate phases of ordinary chondrites (13) (14) (15) . Conversely, a deficit in 182 W is found in early metals such as iron meteorites and the metal fractions of ordinary chondrites, because they have low Hf/W (10, 11, 16, 17 (Fig. 1) , consistent with the former presence of 182 Hf. In detail, however, the metals and silicates display distinct characteristics (Fig. 1) .
Portions of the magnetic (largely metal) fractions of each meteorite were leached in 6 M HCl (18) . The leachates contain the easily soluble metal, sulfide, and minor phosphate fractions with low Hf/W ( Table  1 ). The residues from this procedure mainly comprise small amounts of silicates and minor oxides, insoluble in 6 M HCl. The Hf-W data for all of these "magnetic fractions," that is, bulk metals, metal leachates, and metal residues, are collinear, intersecting the data for the carbonaceous chondrites, Allende and Murchison (11, 12) (Fig. 1) . These data are also collinear with the data for the ordinary chondrites (15) , providing evidence that the metals are coeval and early (Web fig. 1) (19) . A regression of the data for all enstatite chondrite metals, their leachates and residues, and the whole rock values of Allende and Murchison yields a slope (equal to initial 182 Hf/ 180 Hf ) of (1.85 Ϯ 0.38) ϫ 10 Ϫ4 (Fig. 2) , equivalent to that defined by the ordinary chondrites (ϳ1.8 ϫ 10 Ϫ4 ) (15 (15) . On this basis, the metals in the enstatite chondrites formed within a few million years, at most, of the start of the solar system.
In contrast, the nonmagnetic fractions (predominantly silicates) for each sample lie to the right of and below the best-fit line defined by the magnetic (metal) fractions (Fig. 1) . The data for the nonmagnetic frac-
